Absiruct4alculated data are presented on the performance of printed antenna elements on substrates which may be electrically thick, as would he the case for printed antennas at millimeter wave frequeneies. Prioted dipoles and microstrip patch antennas on polytetrafluoroethylene (PTFE), quartz, abd gallium arsenide substrate are considered. Data are given for resonant length, resoriant resistance, bahdwidth, loss due to surface waves, loss due to dielectric heating, and mutual coupling. A h presented is an optimizatidn procedure for maximizing or minimizing power launched into surface waves from a multielemerit printed antenna array. The data are calculated by a moment method solution.
I. INTRODUCTION HERE HAS BEEN rapid growth in printed antenna theory
and technology during the last decade [i] , [2] . Most of this work was for antennas operating in the UHF to microwave frequency bands (300 MHz to 10 GHz), and characteristics of printed antennas such as low-cost, low-profile, conformability, and ease of manufacture were often found to outweigh the electrical disadvantages, such as narrow bandwidth and lowpower capacity, for many applications.
Currently there is increasing interest in millimeter wave systems and applications, such as aircraft-to-satellite communications and imaging array antennas [3] , [4] , as well as interest in complete monolithic systems which combine antenna elements or arrays on the same substrate as the integrated =/IF front-end detector and amplifier circuits. Thus, printed antennas are being seriously considered for use at frequencies well above 30 GHz, while past applications were generally below 30 GHz. In these applications, substrates are often much thicker and have higher dielectric constants than at lower frequencies. It is the purpose of this paper to present performance data for and discuss the applications of printed antennas on these types of substrates. As will be seen, the electrical performance of these antennas can be severely degraded, due to surface waves or mutual coupling. Bandwidth and input impedance are additional properties that are strongly affected by substrate thickness, often in a desirable way. Other factors such as dielectric loss and feeding techniques can also be significantly different at millimeter wave frequencies. This paper will consider two particular types of printed antennas: rectangular microstrip (patch) elements, and printed dipoles. The intrinsic differences between these two elements and their comparative electrical performances will be discussed. Three types of substrate materials will be considered: polytetrafluoroethylene (PTFE), quartz, and gallium arsenide. These materials represent substrates which may be used for millimeter Manuscript wave antennas, and cover the range of relative Permittivity from 2.55 to 12.8. The following characteristics will be presented in Section 11.
1) General element characteristics.
2) Substrate properties.
3) Resonant element length.
4)
Resonant input resistance. 5) Bandwidth. 6) Losses due to surface waves.
7) Losses due to dielectric.
Section 111 will discuss mutual coupling and surface wave effects in an array environment and present a procedure for the optimization of array efficiency (minimization or maximization of e = Prad/(Prad -k Psw), where P r a d is the desired radiated power and Psw is surface wave power). Although the results presented here are for printed dipole or microstrip patch elements, some of the trends and conclusions will apply to other types of printed antenna elements.
All of the data presented in this paper were calculated using a moment method solution of a printed rectangular radiating element on a grounded dielectric slab. A detailed description of this method, with comparisons of calculated and measured results for input and mutual impedances, has already appeared in the literature [5] , so only a brief description will be given here.
Important factors for antennas on electrically thick substrates include surface waves and mutual coupling [6] . The lowest order surface wave (TM,) has a zero cutoff frequency, and thus is excited to some degree even on very thin substrates. AS the substrate becomes thicker, more surface wave modes can exist, and more power can be coupled into these waves. Mutual coupling between elements in arrays involves the transfer of power from one element to a nearby element via space waves (direct radiation) or by surface waves. Coupling levels greater than roughly 20-30 dB may have a deleterious effect on array performance, unless specifically included in the design procedure. (This has recently been done for printed dipole arrays [ 7 ] , where the coupling coefficients were measured.) Thus, it is desirable for the theoretical solution to account for fields exterior to the radiating element, i.e., to account for surface wave power and mutual coupling. The cavity model and transmission line model cannot do this. In addition, neither of these models have yet successfully treated the printed dipole element, and neither are valid for antennas on thick substrates. The moment method solution uses the rigorous dyadic Green's function for the grounded dielectric slab, and so includes the exterior fields making calculations for surface wave excitation and mutual coupling possible. Because of the general nature of the moment method formulation, printed dipoles as well as probe-fed or microstrip line-fed patches can be handled. Dielectric loss can be easily included by using a complex permittivity in the solution. The price paid for this versatility is a somewhat more complicated solution, primarily due to the Sommerfeld- 
A. General Element Characteristics
Printed dipole radiating elements have been extensively studied by Alexopoulos et ai. [8] , [9] , [ l o ] , via a similar moment method procedure. Fig. 1 shows a typical center-fed printed dipole element. In practice, the feed may take the form of a parallel two-wire line printed on the substrate. This feed line may carry RF er,ergy or, if a detector is placed at the dipole gap, I F energy. In either case, this type of feed is balanced with respect to the ground plane, which can be a serious disadvantage in some applications. The use of parallel microstrip feed lines to couple the radiating dipole, as in [7] , can alleviate this difficulty at the expense of a more complicated feeding structure, possibly involving printed conductors on two substrate levels. Advantages of the printed dipole are that it uses less substrate area compared to patch elements (particularly important in arrays), and that it can be used near its first or second resonances without deleterious higher order mode effects.
The microstrip patch antenna, also shown in Fig. 1 ? however, is inherently unbalanced with respect to the ground plane. The patch can be fed with a microstrip line, or with a probe from the bottom of the substrate.
An unbalanced antenna element is probably advantageous when RF or IF circuitry is t o be combined with the antenna in a hybrid or monolithic configuration. Some disadvantages are that the rectangular patch uses more substrate area than the dipole, and that a probe-type feed may be difficult to fabricate on monolithic substrates, or even on quartz substrates. A problem also exists with microstrip line feeds, since a microstrip line's characteristic impedance determines the feed line width, and is relatively constant with frequency. The size of a resonant patch antenna, however, decreases with increasing frequency, so that a given microstrip feed line on a substrate has an effective upper frequency limit beyond which the resonant patch width would be less than the feed line width.
Finally, one should realize the intrinsic differences in the electrical operation of printed dipoles and patches. The first resonance of a printed dipole, like a half-wave dipole in free space, is a series-type resonance, while the first resonance of a patch antenna is a parallel-type (anti) resonance (In reference to printed dipoles, the terms half-wave and full-wave refer to lengths in +e effective dielectric medium, and so are analogous to the operation of dipoles in free space.). This difference is a result of the field structure created in the vicinity of the element by the particular feed.
For a dipole, the feed couples to the electric field component along the dipole axis, while a coax or microstrip line-fed patch antenna is coupled by the electric field component normal to the substrate. Printed dipoles and patches, however, have similar current distributions, thus the radiation patterns are similar
B. Substrate Characteristics
Three substrate materials-F'TFE, quartz, and gallium arsenide- were chosen for comparison in this paper. This choice was based on the fact that the permittivities range from 2.55 to 12.8, and that these materials are either in use today or are expected t o be used for millimeter wave antenna systems. Because of time and space considerations, not all materials available today could be compared here, but it is felt that other typical substrate materials have properties roughly in range of those considered. Table I summarizes the typical electrical properties of these three substrates.
Polytetrafluoroethylene and related products like Rexolite and Duroid have been used extensively in the microwave band. Quartz substrates have very good dimensional stability and are often used in microwave integrated circuits. Gallium arsenide is probably the preferred substrate material for monolithic microwave integrated circuits.
C. Resonant Frequency
Clearly one of the first considerations in the design of a printed antenna element is the length L of the element required for resonance. This length is a function of substrate thickness d and dielectric constant E, and, in the case of a microstrip patch, a function of the patch width W. Because the dielectric fills only part of the region surrounding the antenna element, the resonant length does not scale with dielectric constant as l/&, as an antenna in a homogeneous medium would. d. An interesting feature of the patch antenna is that it stops resonating for substrate thicknesses greater than 0.1 1 X,. With increasing substrate thickness, the trend is t o an entirely inductive input impedance locus.
This effect occurs for both probe-type and microstrip line-type feeds. This situation is probably undesirable in most cases, and so the use of patches on thick substrates may not be practical unless some way of countering this inductive trend, by using a capacitive-gap coupling from a feed line, for example, is used. The dotted continuation of the patch length curve in Fig. 1 is given only to show the length chosen for the calculation of other data presented in Figs. 4, 6, and 8. An increase in patch width W can reduce the resonant length by a few percent; the length reduction is greater for thicker substrates. Fig. 2 shows the resonant lengths for half-and full-wave printed dipoles on a quartz (E,. = 3.78) substrate. (The usefulness of the full-wave dipole is discussed in Section 11-D.) Note that the length for the first resonance has decreased from the corresponding value for PTFE, but not by the factor d m , which would be the case if scaling could be applied with dielectric constant. Fig. 3 shows the required lengthsforhalf-and full-wave printed dipoles and a microstrip patch element on GaAs. Again, the patch element does not resonate for substrate thicknesses greater than 0.08 ho . .' dlh. tions [3] . First, its half-power beamwidth is significantly less than that of a half-wave dipole. Second, if a pair of full-wave dipoles are arranged b / 2 apart to form a subarray element, the E and H plane beamwidths will be about equal, and if a detector diode is placed in the center of the subarray and connected to the dipoles by a printed parallel line, as in [3] ~ the X0/4 line length will yield an impedance inversion from the high input resistance of the full-wave dipoles to a low impedance for matching to the diode. All the dipoles are center fed, and all the patches are probe fed at a point L/4 from the (radiating) patch edge. Moving the feed position toward the end of the dipole or patch will increase the input resistance, at the first resonance.
D. Resonant Resistance

E. Bandwidth
Bandwidth is defined here as the half-power width of the equivalent circuit impedance response. can be evaluated by calculating the input impedance at two frequencies near resonance and using a finite difference approximation. Fig. 6 shows the calculated bandwidths of a half-wave printed dipole and a microstrip patch versus substrate thickness for a PTFE substrate. The patch width is 0.3 X, and is fed by a probe at a point L/4 from the patch edge, although the feeding method 
F. Power Lost to Surface Waves
Both TE and TM surface waves can be excited on a grounded dielectric substrate. The cutoff frequency of these modes is given by D l ] .
where c is the speed of light, and Iz = 0 , 1, 2,3, for the TMo, TE,, TM2, TE, surface mode. Note that the T M o mode has a zero cutoff frequency, so that it can be generated for any substrate thickness d. As the substrate becomes electrically thicker, more surface modes can exist and the coupling to the lower order modes can become stronger. For thin substrates (d < 0.01 X,) surface wave excitation is generally not important.
For thicker substrates surface waves may have a detrimental effect on printed antenna performance. Surface wave power launched in an infinitely wide substrate would not contribute to the main bean1 radiation and so can be treated as a loss mechanism. A radiation efficiency can then be defined as where Prad is the power radiated via space wave (direct main beam power), and Psw is the power coupled into surface waves.
Prad + Psw is then the total power delivered to the printed antenna element. Dielectric loss is ignored here. The effect of a finite-sized substrate would be to diffract the surface waves from the substrate edges, possibly causing undesirable effects on sidelobe level, polarization, or main beam shape. Surface waves could also be diffracted by or coupled to feed lines or components on the substrate.
In the moment method formulation surface wave fields and space wave fields are easily separated from the Sommerfeld-type integral expression for the total fields of an elemental current source on a grounded dielectric slab-the surface waves come from the residues of the contour integral. Since the moment method impedance matrix elements are expressed in terms of integrals of the fields from the expansion modes, these elements can be broken up as Z m n = Z m n m n , cad + zsw (4) where Z,, represents the matrix element using the total field and ZE: and Z z n represent the direct radiation (space wave) and surface wave contributions, respectively. Then, if In represents the current on the nth expansion mode, the total input power can be written as n m and the radiated power can be written as Prad = Re I:ZEtIm. Observe that e + 1.0 as d + 0, since surface wave excitation is negligible for very thin substrates. As d gets larger the TMo surface mode becomes stronger, reducing e. However, the radiated power becomes greater as d increases, so that e levels off and starts to increase for d > 0.1 ho. At d = 0.2 ho, the next surface mode (TE,) starts to propagate, causing a slope discontinuity in e and a decrease in e as this mode becomes more strongly coupled. This type of slope discontinuity is also seen in related dielectric covered antenna problems [ 121 .
An interesting feature of Fig. 8 is the similarity between e for the dipole and the patch. Also, e does not depend on the feed location of the dipole or patch, or on the patch width W. Fig. 9 shows the efficiency e for half-wave and full-wave dipoles and a microstrip patch on GaAs substrate. Note that surface wave power accounts for over half of the total input power for d > 0.045 A,.
G. Losses Due to Dielectric
Power loss due to dielectric heating can be calculated by using the loss tangent and complex permittivity for the particular dielectric material. For the half-wave dipole (a series-type reso- nance), for example, the radiation efficiency based on dielectric loss can be calculated as
where R, is the radiation resistance at the input terminals and Rl is the loss resistance. Rr and RI can be found from two calculations of input impedance; one with tan 6 = 0, and one with tan 6 # 0. The radiation resistance is R, = Re(&) for tan 6 = 0, and the loss resistance is found from R, + R I = Re @in) with tan 6 # 0. This is an accurate procedure for small losses. For full-wave dipoles or microstrip patches (anti-resonances), the efficiency is calculated using conductances in (7) . Note that efficiency as defined by (7) does not include power loss to surface waves (although it does include heating loss from surface wave fields).
Efficiency based on dielectric loss for a half-wave dipole and a microstrip patch versus d is shown in Fig. 10 for E, = 2.55. The lengths of the dipole and patch are chosen for resonance, and the patch width is again W = 0.3 A , -, . Loss tangents of 0.001 and 0.003 were used.
It is seen that the patch efficiency is greater than the dipole efficiency, and that efficiency improves rapidly as substrate thickness increases. Both of these effects can be explained by noting that, for a given power level, the fields are more concentrated for thin substrates or narrow antenna elements, thus more power is lost to dielectric heating than in cases of thicker substrates or wider elements.
PRLNTED ANTENNA ELEMENTS IN AN ARRAY ENVIRONMENT
This section will discuss some aspects of the printed antenna element in an array configuration-in particular, mutual coupling between array elements and array effects on surface wave power.
A. Mutual Coupling
When printed antenna elements are in an array environment, large mutual coupling levels can degrade sidelobe levels, main beam shape, and possibly cause array blindness. Foreknowledge of the coupling between array elements and proper inclusion t a n b . . Calculations for full-wave dipoles have also been made, with the result that full-wave dipole coupling is about 10 dB less than the half-wave dipole coupling for both parallel and collinear configurations. (These data are not shown here for lack of space.) Fig. 11 shows the coupling between parallel half-wave dipoles and patches and collinear half-wave dipoles and patches on a quartz substrate versus substrate thickness. The elements are resonant, and the spacing between elements is 0.5 io. For thin substrates the coupling levels are very low but increase rapidly with increasing thickness and then tend to oscillate for thicknesses greater than about 0.5 Xo.
The dominant coupling mechanism for the parallel configuration is via space wave fields; since these fields are stronger in the broadside than in the endfire directions, the coupling levels between parallel dipoles are fairly large for close spacings, but ~7 1 , ~131.
drop off quickly as the spacing increases. Surface waves are launched in the dipole's endfire direction and so have most effect for the collinear configuration.
B. A m y Efficiency-an Optimization Procedure
Section 11-F discussed printed antenna element efficiency e, based on power lost to surface waves. This section will discuss what happens t o e when elements are combined in an array, where it will be seen that e can be increased or decreased, depending on the element excitations, from the efficiency of an isolated element. An example will be given for two collinear half-wave dipoles spaced ho/2 apart on a quartz substrate. Microstrip patches can be treated in the same manner, and the procedure can be applied to arrays with more than two elements.
Since all mutual coupling terms between array elements would be included, (5) and (6) apply to the total input power and total radiated power, respectively, for an array of printed elements. The overall array efficiency, based on power lost to surface waves, can then be written in matrix form as where [Z] is the total (square) impedance matrix, [&ad] is the contribution to the radiated field, ..-the eigenvalue problem,
where The corresponding eigenvalues are then the efficiencies resulting from the above excitations:
Generally the even mode produces maximum e while the odd mode produces minimum e.
The optimized efficiency e for two collinear half-wave dipoles &,/2 apart versus substrate thickness (er = 3.78) is shown in Fig.  12 , for even and odd mode excitations. Also shown is the efficiency of an isolated dipole. As can be seen, the efficiency can be improved by as much as 30 percent for even mode excitation. A similar calculation for two parallel dipoles results in a 10 percent improvement for even mode excitation. For the data shown here, maximum improvement occurs for cophasal excitation of the array elements-a very practical result for broadside arrays. Odd-mode excitation generally produces a reduced efficiency, which means more power is being coupled to surface waves-a result which may be of interest for surface wave antennas. In Fig. 12 the e, and eo curves cross at about d = 0.19 ho.
The change in efficiency for printed antenna elements in an array can be partially explained in terms of the phasings of the surface wave fields. Surface waves, launched endfire from each dipole, are significantly out of phase (because of the ho/2 dipole spacing) and tend to cancel. It is hypothesized that an element spacing exists such that maximum cancellation occurs and e -+ 1, at least for substrate thicknesses where only one surface wave mode exists. This situation would probably not occur when more than one surface mode is present, since the different phase constants would preclude total cancellation.
IV. CONCLUSION
This paper has presented data on resonant length, input resistance, bandwidth, surface wave power, dielectric loss, and mutual coupling for printed dipoles and microstrip patch antennas. Emphasis has been on the effect of the substrate, which may have a high dielectric constant and may not be electrically thin at millimeter wave frequencies.
Many other configurations of array elements could be studied for mutual coupling effects and surface wave power optimization. It is conceivable that for an array with many elements surface wave power can be made negligible for particular element spacings and excitations.
A very important need is t o verify more of the theoretical calculations with measurements, particularly for printed dipole input resistance and surface wave losses for dipoles and patches. 
